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Abstract
Background: The total contact rates (TCRs) between mosquito vectors and their potential hosts have a serious
impact on disease transmission dynamics. Culex pipiens (sensu stricto) (s.s.) is considered the main vector of the West
Nile Virus (WNV) in Europe and birds are the reservoir hosts. The results of our previous study showed that WNV
seroreactors are significantly more prevalent among raptors compared to a range of other wild avian groups. The
current study aims to assess the role of bird type (raptor vs others) and bird size on mosquito feeding preferences
in a free-choice experiment using bird-baited traps.
Methods: From July to September 2014, a battery of six bird-baited traps was operated in twelve mosquito capture
sessions. Eight bird species, belonging to five different orders, including raptors, were used. After each session, the
trapped mosquitoes were collected and identified using standard keys. Two sets of independent generalized linear
mixed models (GLMM) were used to assess mosquito vector feeding preferences (MFp) among different bird species
and types.
Results: A total of 304 mosquitoes belonging to seven taxa were collected, C. pipiens being by far the most abundant
(84.2 % of the total mosquito catch). Most C. pipiens were engorged (83.59 %). The selected model showed that 25.6 %
of the observed variability of MFp is explained by the interaction between bird size and bird type, with C. pipiens
preferring to feed on large birds, especially raptors. The proportion of engorged mosquitoes was 1.9-fold higher in
large (22.88 %; range 0–42 %) than in medium-sized raptors (11.71 %; range 0–33 %), and was nearly the same in
medium-sized (9.08 %; range 0–26 %) and large (8.5 %; 6–24 %) non-raptor species.
Conclusion: Culex pipiens showed an obvious preference for large raptors, which concurs with the higher
seroprevalence to WNV in our previous study. The appreciable feeding by C. pipiens on large raptors makes
them useful alternative sentinels to poultry for WNV surveillance. Thus, wildlife parks and rehabilitation centers
can contribute to surveillance efforts to a greater extent.
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Background
West Nile Virus (WNV) is now one of the most
common causes of epidemic viral encephalitis and has
the most widespread geographical distribution of all
mosquito-borne flaviviruses [1]. This virus belongs to
the Japanese encephalitis virus antigenic complex of the
family Flaviviridae, the genus Flavivirus. Several WNV
outbreaks have been reported over the past few decades
in European countries, including Italy, where the virus is
endemic in the northeastern regions [2]. The virus is
maintained in the environment through a bird-mosquito
life-cycle and Culex pipiens (sensu stricto) (s.s.) is consid-
ered the main vector in Europe [3]. Humans and horses
are incidental hosts. Although most of the infections in
these species are asymptomatic, some cases develop fever
or fatal encephalitis [4]. Different migratory and resident
avian species disseminate and amplify WNV, and the de-
gree, duration of viremia and susceptibility to infection
vary by species [5, 6]. Diurnal and nocturnal birds of prey
were found to be frequently infected by WNV during out-
breaks in North America and Europe [7–11].
Several studies on mosquito host preference have been
performed to investigate the WNV transmission cycle,
in order to determine which avian species are involved
in WNV epidemics [12, 13]. Few studies, however, have
focused on the host selection of mosquitoes in wild birds
using bird-baited traps, which requires a large collection
of birds and repeated trials. Most field studies on mos-
quito blood-feeding patterns on birds have been carried
out in passeriform species, and the presence of raptors
in these studies is uncommon [14].
The assessment of total contact rates (TCRs) between
mosquito vectors and their potential hosts is key, not
only to understanding vector-borne disease dynamics,
but also to optimize efforts in pathogen monitoring in
the wild [15]. Several studies have shown that mosqui-
toes rarely feed at random [12, 16, 17], and that olfaction
of specific odorants and skin emanations drives host se-
lection [18]. Although host choice in mosquito vectors is
often biased in favour of larger animals, because of the
higher quantities of exhaled CO2 [19], other factors such
as body heat and defensive behaviors can play a role in
host selection [20]. On the other hand, mosquito feeding
behaviors are also driven by the diversity and abundance
of blood sources, by mosquito abundance, and their
interaction [19, 20].
Direct assessment of mosquito feeding patterns has
been studied by choice assays, in which mosquitoes are
exposed to different olfactory sources in laboratory con-
ditions (e.g. live hosts or host-derived odor samples).
Even though these controlled assays involve complex
procedures (e.g. olfactometers, indoor observational
rooms, choice chambers or wind tunnels [21]), they only
take into account part of the host stimuli, neglecting
other environmental factors linked to mosquito bio-
logical activity [20].
In field conditions, feeding preferences may be
assessed by the analysis of blood meals of field-
collected mosquitoes [12]. This approach, however, is
often biased in favour of the most abundant host spe-
cies, and the challenging assessment of host availabil-
ity is required to understand the absolute feeding
preferences of vectors [20].
Animal-baited traps (i.e. traps covered with mosquito
nets that allow the entry of host-seeking mosquitoes),
have also been widely used to assess feeding preferences
in field conditions. Although this method allows mos-
quitoes to select among several hosts, it is also a subject
to some limitations, e.g. nets are often raised above the
ground to allow their entry, mosquitoes may escape, and
engorged individuals may not necessarily have fed from
the host present in the baited-trap [22, 23]. However,
animal-baited traps can be considered unbiased because
of the possible encounter with more than one host-
seeking mosquito and more than one potential blood
source. In fact, mosquitoes are not only attracted by the
CO2 exhaled by animals, but also by their odor and vis-
ual cues. This method allows the study of preferences
for one individual among others of the same species,
minimizing the potential bias due to natural intra-
specific odor variations. Finally, animal-baited traps are
a cheap and easy method of catching mosquitoes attracted
to a variety of animals [23].
Recently, we conducted a seroprevalence study in 871
individuals of 87 different bird species in northwestern
Italy. The results of this study showed that WNV seroreac-
tors were significantly more prevalent amongst raptors
(orders Falconiformes, Strigiformes and Accipitriformes)
compared to other avian groups [24]. To investigate the
hypothesis that mosquitoes in the area preferentially feed
on raptor birds, thus justifying higher seropositivity to
WNV in response to higher TCRs, we planned an experi-
ment allowing free-choice feeding of wild mosquitoes on
raptors and other avian species belonging to five different
orders (Passeriformes, Strigiformes, Columbiformes,
Falconiformes and Anseriformes). Taking advantage of
this controlled experiment in semi-natural conditions,
we studied the role of bird type (raptor species vs
others) and bird size in the attraction and feeding of
Culex pipens and other potential WNV mosquito vec-
tors. The role of bird traits in the richness of mos-
quito species attracted and their abundance was also
evaluated. The operative and ultimate goal of the
study was exploring if raptors, which are frequently
admitted patients at rehabilitation centers in Europe,
and are often cared for in these facilities for years or
lifelong if unfit for release in the wild [25–27], may
represent appropriate wildlife to consider by public
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health agencies for enhanced surveillance of WNV
and other zoonotic flaviviruses.
Methods
Experimental assessment
The experiment was carried out at a wildlife recovery cen-
ter situated in “Centro Cicogne e Anatidi” in Racconigi,
Piedmont region, northwestern Italy (44.7779N, 7.6691E).
This location was selected because of the high abundance
of ornithophilic mosquitoes and because it allows a large
collection of wild captive birds in an open mosquito-
accessible environment.
Bird-baited traps
From 30 July 2014 to 10 September 2014, six bird-baited
traps were set contemporaneously in twelve sessions,
from 19:00 to 8:00. Three of these were baited with dif-
ferent raptor species and the remaining three were bai-
ted with non-raptor species. A total of eight bird species
were used in the experiment: the peregrine falcon (Falco
peregrinus), the common kestrel (Falco tinnunculus), the
little owl (Athene noctua), the mallard (Anas platyr-
hynchos), the European blackbird (Turdus merula),
the song thrush (Turdus philomelos), the diamond
dove (Geopelia cuneata) and the Eurasian collared
dove (Streptopelia decaocto). Individuals of these spe-
cies are frequently among long-term patients of the
center where we operated. Very small-sized birds
[below 40 g body weight (b.w.)] were not used since
they are rarely hospitalized in this and other rescue
centers, but as nestlings.
For the experiments, birds were transferred to the out-
door cages of the recovery center. Cages were situated in
a garden near ponds for waterfowl in an open environ-
ment. These cages measured 2 × 1.3 × 2 m and were
similar to the original cages where birds had been
placed, in order to minimize bird stress. They were
placed adjacent to each other and the walls were made
of cement. Doors, constructed of grating, were on the
front of the cage and were covered with mosquito nets,
raised 10 cm from the ground to allow the entry of host-
seeking mosquitoes. To reduce the possibility of mos-
quito exit, nets only had a single entrance and birds
were not enclosed within an inner protective net. To
minimize the potential bias due to cage positions and in-
dividual characteristics of the animals, bird placement
within the six different cages was randomized, and when
possible, different individuals of the same species were
used in each trial. After each trial, the trapped mosqui-
toes were mechanically aspirated using battery-operated
aspirators and the birds were returned to their holding
cages. We used only birds with minor injuries and in
good general condition to minimize the risk of harm
due to the stress of handling. All mosquitoes captured
during the study were stored frozen at -80 °C for later
taxonomic identification using standard keys [28, 29].
Statistical analysis
The prevalence of mosquito species and engorged speci-
mens from bird-baited traps was calculated, with 95 %
exact binomial confidence intervals (95 % CI). Bird spe-
cies were divided into groups according to their size
(small birds: < 100 g; medium-sized birds: 100–250 g;
and large birds: > 500 g) and to bird type, i.e. raptors
(peregrine falcon, common kestrel and little owl) and
other species (European blackbird, song thrush, Eurasian
collared dove, mallard and diamond dove). To assess
WNV mosquito vector feeding preferences (MFp) in dif-
ferent bird species, we fitted two sets of independent
generalized linear mixed models (GLMM) in which the
observed variability of MFp or mosquito species richness
(Mrich), as response variables, were explained by the sin-
gle fixed effects of bird type (i.e. raptors and other species),
bird size (Bs), and their two-way interactions. Mosquito
populations in temperate ecosystems are temporally vari-
able, hence we first checked for the potential confounding
effects of date of sampling on MFp by a linear model. Our
results showed a lack of temporal patterns (β = -0.201,
SE = 0.06, t-value = -0.98, P = 0.32) on MFp and thus
the factor was not included in our model selection.
The random term was the individual bird nested in
the baited trap; in other words, a repeated measures
fixed-block design was used [30]. The best random
structure (intercept, slope or both) was selected follow-
ing the procedure described by Zuur et al. [31].
No small raptors were present in our sample and thus,
only medium-sized and large species were retained in
our statistical modelling. Since Culex pipiens was by far
the most common mosquito species, MFp was defined
as the percentage of engorged C. pipiens (MFp = 100 ×
engorged C. pipiens/total C. pipiens) by trap. Mrich,
however, was calculated as the number of different mos-
quito species by trapping session.
Models for MFp were fitted using a normal distribu-
tion and the identity link function. The models for
Mrich were fitted with a log-link and Poisson errors
after checking for the absence of overdispersion in the
data (residual deviance greater than the residual degrees
of freedom; [31]). For all statistical models, we performed
a model selection procedure based on the information-
theoretic approach and Akaike’s Information Criterion
corrected for small sample sizes (AICc) [32]. In short,
competing models are ranked in relation to the differ-
ence between their Akaike scores and the score of
the best model (i), which has the lowest AICc. Models
with i < 2 units have substantial support for explaining
the observed variability in the variables of interest. Sub-
sequently, we estimated the Akaike weight (wi), defined
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as the relative probability that a given model is the best
model of those being compared. In addition, pseudo-R2
values for the fixed (marginal variance) and both for the
fixed and random factors (conditional variance), were
also calculated for the best GLMM as an overall meas-
ure of goodness-of-fit following the procedure described
by Nakagawa & Schielzeth [33]. Finally, once the best
model was selected, we checked the lack of the residual
patterns. Models were carried out using the “nlme” [34],
“lme4” [35] and “MuMln” [36] packages of the R statis-
tical software version 3.2.3 [37].
Results
A total of 304 mosquitoes belonging to seven species
were collected during the bird-baited traps experiment
(Table 1). Culex pipiens was by far the most common
species, representing 84.2 % of the total mosquito catch
followed by Anopheles maculipennis (sensu lato) (s.l.)
(3.3 %), Aedes albopictus (3.3 %) and Aedes vexans
(2.6 %). The least abundant species were Culex territans
(1.9 %), Culex modestus (1.6 %) and Ochlerotatus genicu-
latus (1.3 %). The majority of C. pipiens collected were
engorged with blood (83.59 %). Moreover, A. albopictus
and C. modestus showed a high percentage of engorged
specimens (60.0 %), followed by A. maculipennis (s.l.)
(50.0 %). In contrast, most of the collected specimens of
O. geniculatus and A. vexans were unfed since the
percentages of engorged specimens were 25 % and
12.5 %, respectively. All C. territans were unengorged
(Table 1). Five mosquito specimens were damaged and it
was impossible to identify them. The number of mosqui-
toes captured per bird species is shown in Table 2. The
range of percentage of C. pipiens feeding preferences
and the percentage of engorged mosquitoes by bird spe-
cies are summarized in Table 3.
Our model selection showed that 25 % of the observed
variability of MFp can be explained by the interaction be-
tween bird size and bird type (Wi Bird type * Bird size = 0.96,
β = -0.201, SE = 0.06, t-value = -3.02) (Table 4). The se-
lected model indicates that C. pipiens prefer to feed on
large birds, especially among raptors (Fig. 1). The propor-
tion of engorged mosquitoes and trapped in cages con-
taining each bird type is shown in Table 5. Finally, a very
low proportion of the variance in the observed relation-
ships between size, type and feeding patterns was due to
the random terms (1.72e-09 for the cage and 1.21e-09 for
the trial effects). As a result, both marginal and condi-
tional pseudo-R2 resulted identical. Regarding Mrich, no
model was able to explain the observed patterns in the
number of mosquito species collected in our experiment.
Discussion
Mosquito feeding on raptor vs non-raptor birds was in-
vestigated in a free-choice experiment under semi-
Table 1 Mosquito species, % of total of mosquito captures, % of engorged mosquitoes and feeding preference behavior
Mosquito species % of total mosquito captures
(95 % CI)
% of engorged mosquitoes
(95 % IC)
Feeding preference
Culex pipiens 84.2 (79.6–88.1) 83.59 (78.5–87.9) Birds and humans [58]
Aedes albopictus 3.3 (1.6–5.9) 60.0 (26.2–87.8) Humans [59]
Anopheles maculipennis (s.l.) 3.3 (1.6–5.9) 50.0 (18.7–81.3) Mammals, rarely on humans and birds [22]
Aedes vexans 2.6 (1.1–5.1) 12.5 (0.3–52.6) Mammals [60]
Culex territans 1.9 (0.7–4.2) unengorged Amphibians [61]
Culex modestus 1.6 (0.5–3.8) 60.0 (14.6–94.7) Opportunistic [15, 22]
Ochlerotatus geniculatus 1.3 (0.3–3.3) 25.0 (0.6–80.6) Humans and cattle [62]
Table 2 Number of mosquitoes attracted by each bird species
Bird species Number of trials C. pipiens Ae. albopictus An. maculipennis (s.l.) Ae. vexans C. territans C. modestus O. geniculatus NIa
Falco peregrinus 12 77 2 2 3 1 2 2 1
Falco tinnunculus 12 40 4 1 1 2 0 1 2
Turdus philomelos 5 17 1 2 2 0 0 0 0
Athene noctua 12 43 1 1 2 1 0 0 0
Turdus merula 7 22 1 4 0 0 1 0 0
Streptopelia decaocto 11 25 0 0 0 2 0 1 2
Anas platyrhynchos 12 30 1 0 0 0 2 0 0
Geopelia cuneata 1 2 0 0 0 0 0 0 0
Total 256 10 10 8 6 5 4 5
a NI, specimens impossible to identify
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natural conditions. A major finding was that C. pipiens,
one of the main vectors of arboviral zoonotic diseases
[38], fed preferentially on raptors over other birds in the
study. Several surveys conducted in North America re-
vealed that raptors constitute a small percentage of total
avian blood meals of mosquitoes collected in the field,
varying from 0.3 to 3.4 %, as expected for low density
hosts on top of the food chains [39–42]. However, a
study of mosquito blood meal analysis at a raptor re-
habilitation center in Alabama (USA), reported that
more than 58 % of blood meals were from raptors,
showing that the frequency of raptor blood meals is
clearly influenced by their abundance in the avian com-
munity [19]. The results of our experiment suggest that
mosquitoes may actually feed upon raptors at higher
rates than expected in the case of random feeding on
available birds.
Our study has limitations in that the number of bird
species used was low, the experiment was conducted at
a single location and blood meal analysis was not per-
formed to rule out the possibility that individual mosqui-
toes had fed before entering the trap. Nevertheless, a
limited number of such experiments is available in the
literature and, to our knowledge, this is the first analysis
of host feeding preferences comparing raptors with birds
from other avian orders in Europe. Amongst the
strengths of the experiment are the use of live-baited
traps that, as in Balenghien et al. [22], allowed mosqui-
toes to feed on birds, thus providing additional informa-
tion on engorgement rates and reducing the possibility
of mosquito escapes [23]. In addition, traps were wide
enough to allow movements like stomping, shaking or
flapping which represent the natural behavior defenses
of birds against mosquitoes [43]. Finally, different indi-
viduals of the same bird species were used to minimize
the potential bias due to natural intra-specific odor vari-
ations [20]. We are thus confident that the conditions in
which the present study was carried out were an accept-
able representation of events occurring in natural
contexts.
Multiple mechanisms, ranging from host defensive be-
havior to body temperature and size-related carbon di-
oxide emission, may be suggested to explain the group-
related differences recorded in this study. Edman et al.
[44] showed that host behavioral traits largely influenced
the feeding success of Culex nigripalpus upon a range of
avian species, whereby the highest engorgement rates
were found in nocturnal raptors (Strigiformes) displaying
weak mosquito dislodging behavior. Host defensive atti-
tude can have important implications in the transmis-
sion of WNV, because birds tolerant to vectors may be
more frequently exposed to infection. It is also well
known that mosquitoes respond to heat sources, and
that convection currents created by body heat affect the
dispersal of semiochemicals, influencing mosquito at-
traction [20]. Birds exude heat from metabolic activity,
resulting in body temperature increases of several de-
grees during the waking phase of a daily cycle. Interest-
ingly, most species of owls show the reverse cycle, with
the highest body temperatures at night, synchronous to
peaks of mosquito activity [45]. Finally, carbon dioxide
Table 3 Number of trials and number of different individuals for each bird species, range of % of attracted C. pipiens in each bird
species (mosquito specimens captured on each bird/mosquito specimens captured on all birds in the same session), % of engorged
mosquitoes and size of the birds: small (< 100 g), medium (100–250 g), large (> 500 g)
Bird species No. of trials No. of different birds Range of % of attracted mosquitoes % engorged mosquitoes (95 % IC)
Raptors Medium Athene noctua 12 5 0–39.29 93.02 (80.93–98.53)
Medium Falco tinnunculus 12 3 0–28.57 78.37 (61.78–90.17)
Large Falco peregrinus 12 4 23.53–42.86 88.15 (78.70–94.43)
Other Small Turdus merula 7 3 0–23.26 86.36 (65.08–97.09)
Small Turdus philomelos 5 2 0–23.53 88.23 (63.55–98.54)
Small Geopelia cuneata 1 1 10.53 100 (15.81–100)
Medium Streptopelia decaocto 11 11 0–66.67 79.16 (57.84–92.86)
Large Anas platyrhynchos 12 7 0–21.05 82.14 (63.10–93.93)
Table 4 Model selection for assessing mosquito feeding
preferences (MFp) in the two types of bird species (Bird type:
raptors vs other species) with medium (body weight between
100 to 250 g) and large (body weight over 500 g) size (Bs)
Biological models K AICc Δi wi Pseudo R2
Marginal Conditional
Bird type * Bird size 7 −69.07 0 0.96 25.6 25.6
Bird size 5 −60.83 9.28 0.01 4.2 4.2
Bird type 5 −59.17 10.94 <0.01 6.9 6.9
Mo 4 −58.96 11.53 <0.01 0 0
K = number of parameters, AICc = Akaike Information Criterion corrected for
small sample sizes, Δi = difference of AICc with respect to the best model,
wi = Akaike weight, Pseudo-R2 = percentage of observed variability in the
response variable explained only by the fixed terms (Marginal) or by both
fixed and random terms (Conditional). In bold, models with substantial
support for being the best model. In the null model (Mo), all of the terms are
excluded except the intercept
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plays an important role in the activation and attraction
for all hematophagous arthropods [20, 46], and several
studies have shown that larger animals exhaling higher
quantities of carbon dioxide positively correlates with
mosquito attraction [19]. In our study, this has been
clearly shown in the raptor group, whereby the peregrine
falcon, the heaviest raptor bait, was the most attractive
to mosquitoes.
The similar numbers of attracted mosquitoes in large
and medium-sized non-raptor species was relatively sur-
prising. We can hypothesize that mallards, the heaviest
bait and the only waterfowl species in this study, were
relatively unattractive to mosquitoes due to a combin-
ation of anatomical (i.e. the densely feathered apteria, an
adaptation to insulate the body from cold water) [47]
and behavioral traits (e.g. resting position), both limiting
the amount of exposed skin and exhaled carbon dioxide.
In general, wild ducks (Anseriformes) are deemed minor
players in the circulation of WNV since experimental
evidence has shown that they do not develop adequate
viremia levels to infect most feeding mosquitoes [48, 49].
Other than C. pipiens, bird-baited traps attracted low
numbers of other mosquito species with lower engorge-
ment rates. This was expected since none of these spe-
cies has a recognized feeding preference for birds
(Table 1). Although WNV has been repeatedly isolated
from A. albopictus, its vector role is questionable since
only a small proportion of blood meals is actually ob-
tained from avian hosts [50, 51]. In Italy, during national
and regional surveillance activities from 2008 to 2012,
none of the 1709 pools of A. albopictus analyzed were
found to be positive for WNV [3].
The consequences of mosquito feeding patterns for the
transmission of WNV to raptors are multiple and import-
ant. Different studies report that birds of prey are fre-
quently infected by WNV during outbreaks in Europe and
North America [7–11], suggesting that the contact rates
between WNV vectors and raptors were not negligible.
Furthermore, bird species of the order Strigiformes have
been severely affected by Usutu virus (USUV), another
member of the Japanese encephalitis serocomplex, which
also has C. pipiens as the main vector in Europe [52].
Raptors are known to be highly susceptible to WNV, and
some species belonging to the orders Falconiformes,
Accipitriformes and Strigiformes showed high viremic ti-
ters during experimental infections, suggesting that they
can be competent amplifying hosts, hence significant
players in the transmission cycle of the virus [6, 53]. Fi-
nally, the appreciable feeding by C. pipiens on large raptor
birds coupled with their susceptibility to WNV infection,
raises interest in this group as a candidate target for offi-
cial in vivo surveillance of WNV and other mosquito-
borne flaviviruses, as a compliment to backyard poultry.
In this perspective, sound collaboration between public
health agencies and the mostly volunteer network of wild-
life rehabilitation centers throughout Europe is advisable
to make informative samples (e.g. obtained from long-
term sedentary patients) sustainably available at a rela-
tively low cost, thus reducing public investment in other
labor-intensive actions [24, 54–57].
Conclusion
In conclusion, our study shows that C. pipiens has a
feeding preference for raptor birds, which concurs with
the results of a recent seroepidemiological survey for
WNV in a range of avian orders in northern Italy [24].
This is a step towards the better understanding of mos-
quito feeding patterns in natural bird communities in
Europe. A larger number of similar studies including
more repetitions, locations and bird species used as baits
would be helpful to clarify the role of different avian
taxa in the epidemiology of WNV and other zoonotic
mosquito-borne flaviviruses.
Table 5 Mean, minimum and maximum percentage of
engorged mosquitoes in bird types (raptors vs other species)
with different bird size: medium (body weight between 100 to
250 g) and large (body weight over 500 g)
Bird size Raptors Non-raptors Total
Medium 11.71 (0–33) 9.08 (0–26) 10.39
Large 22.82 (0–42) 8.5 (6–24) 15.66
Total 17.26 8.79
Fig. 1 Bar plots representing differences of Culex pipiens feeding
preferences (MFp) in raptor and non-raptor species. Two categories
of size were considered: medium-sized (body weight 100–250 g)
and large birds (body weight > 500 g). MFp was defined as the
percentage of engorged Culex pipiens (MFp = 100 × engorged
C. pipiens/total C. pipiens) by trap. Bars represent the mean MFp
and whiskers the associated standard error of the mean
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